INTRODUCTION
There has been considerable interest in recent years in obtaining industrial x-ray computed tomographic (CT) images with micrometer or sub-micrometer resolution. Such systems are often referred to as micro-CT systems. These systems use a combination of high radiographic magnification and/or high-spatial-resolution detectors to collect either 1 dimensional (1D) or 2D projection data. This data is suitable for fanbeam or conebeam reconstruction, respectively.
Fanbeam systems will often use a collimated linear detector array to collect projection data from one slice of the object. Linear detector arrays typically offer high spatial resolution, fast readout and high dynamic range. Multiple scans must be performed to map the full 3D volume of an object.
Conebeam systems can collect a single projection of the entire object in one exposure and can reconstruct a set of projections into a 3D volume with isotropic resolution. Data can be collected faster, albeit with less dynamic range, than with a linear detector array. An image intensifier coupled to a video camera is often used as the detector in a conebeam system [1, 2] . This type of system offers high readout rates (up to 30 frames/sec ), but suffers from relatively low spatial resolution, 8-bit dynamic range, and image distortion from the image intensifier. Another option for a conebeam detector is a 2D scintillator coupled either directly with a fiberoptic taper [3] or via a Jens [4] to a digital CCD camera. Thesesystems offer higher spatial resolution and dynamic range than an image-intensifier/video-camera system at significantly lower readout speeds.
Wehave built a high-resolution conebeam CT system using a fiberoptic scintillator which is Jens coupled to a digital CCD camera. We use a microfocus x-ray source and an adjustable radiographic magnification. The system has a radiographic resolution of about 22 lp/mm and we have achieved reconstructed spatial resolutions on the order of 30-50 t-tm at the center of the object space. The reconstructed spatial resolution is presently limited by insufficient angular sampling and system misalignments.
EXPERIMENT AL SETUP Tomographie system
The detector system consists of a fiberoptic scintillator Jens coupled to a Photometries PXL-4200 digital CCD camera. This is a12-bit, cooled scientific-grade CCD camera with 2k by 2k pixels, each 9t-tm. The camera is coupled to the scintillator with a 105mrn macro-zoom Jens used at approximately I: I optical magnification.
Review of Progress in
A fiberoptic scintillating glass from Collimated Holes, Inc., was used as the x-ray-to-visible-light conversion element. The glass was 2mrn thick and mirrored on the x-ray side. Individual fibers in the scintillator are lOJ.tm in diameter. An optical-quality rnirror was used to fold the optical path to avoid direct x-ray hits on the CCD chip. The entire detector assembly was concealed in a light-tight box.
X rays were generated with a FeinFocus (model FXE 100.50) rnicro-focus x-ray tube. The source was operated at 30kVp and 450J.tA. The FeinFocus Iiterature estimates the source spot size to be on the order of 13-l5J.tm at this power setting. A precise rotating stage (10,000 steps/degree) for object motionwas placed between the source and detector. The stage and CCD camera were controlled by a personal computer and the source was controlled manually. Figure I is a photograph of the CT system.
Test object
The object was a magnetodielectric --a non-conducting, magnetic material. These materials consist of small iron particles (nominally spherical) suspended in an insulating polymer. The eventual goal of this research would be to image the polymer between the metal spheres in an object consisting of 95-99% metal by weight. 1t is estimated that there will be a 1-5J.tm polymer Jayer between the spheres in such an object.
As a more reasonable test object, we built a Surrogate object consisting of 5-l 0% meta! by weight. The object was a right circular cylinder 3mrn in diameter and 6mrn taU. The meta) spheres in this object were between 30 and 75J.tm in diameter. Figure 2 is a single radiograph of the test object.
Reconstruction
We collected data in a "rotate-only" mode; i.e., projections were collected every .o.0 degrees for a full rotation of the object. In the objects reference frame, this geometry is equivalent to having the detector and source move about the object in a discrete circular orbit. The fastest and most comrnon reconstruction algorithm for this type of orbitisthat attributed to Feldkamp, Davis and Kress [5] which we will refer to as the FDK algorithm. 1t is weil known that data from a circular orbit are not sufficient for true 3D reconstructions, but for a small cone angle such as we have ( -2-3 degrees), the single-circle orbit and FDK algorithm do not introduce significant artifacts [ 6] .
Three factors that influence the reconstructed spatial resolution of a CT system are the radiographic magnification of the system, the spatial resolution of the detector system, and the number and angular spacing ofthe projections. Making arguments sirnilar to those for 2D parallel-beam tomography [7] , we require that the angular spacing between adjacent projections, .c.0, is suchthat
where d,tt is the detector pixel width projected back to the axis of rotation, M is the radiographic magnification of the system, and r is the radius of the object. Figure 3 is a diagram of the geometry used in this equation. This requirement ensures that the angular sampling is the same or better than the projection sampling.
The reconstructed spatial resolution will also be affected by the size of the source spot. We can deterrnine our best achievable spatial resolution, a mm> as:
(1) (2) where a is the reconstructed spatial resolution and s is the source spot size [8] . This formula assumes that the object is sampled with sufficient angular sampling. The best achievable resolution is the vector sum of the detector pixel size projected back to the axis of rotation and the source spot size projected to the detector and back to the axis of rotation. This formula indicates that if the source spot size is much !arger than the detector bin width then unit magnification is required for high spatial resolution in the reconstruction.
IMAGING CONSIDERATIONS AND RESULTS

Preprocessing
Scattered x rays can interact in the CCD chip and deposit some of their energy as electronic charge. The energy deposited by direct x-ray hits is much greater than that deposited by detected optical photons. These x-ray interactions appear in the image as spikes --detector pixels with intensities much higher than that of
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source-to-center of rotation detector Figure 3 0 Geometry relating the required angular sampling to the detector pixel width and object radiuso surrounding pixelso These "hot pixels" are distracting in a radiograph and will appear as streak artifacts in the reconstructiono To correct these pixels, we performed a conditional, or thresholded, median filter on all darkcorrected imageso A median filter is a non-linear filtering operation in which the intensity of a single pixel is replaced by the median value of the histograrn of intensities of nearest-neighbor pixelso For the conditional median filter, this operation is only performed on pixels with intensity values above some thresholdo
Radiographie resolution
A common metric used to quantify the spatial resolution of a detector system is the modulation transfer function (MTF)o The MTF is a measure of the modulation of spatial frequencies in the passband of the systemo A simple measurement of the MTF would be to image a point object and examine the spread of the resulting image; the norrnalized Fourier transform ofthat image is the MTF of the detector systemo This technique suffers from low counting statistics --not many photons are transmitted through an infinitely small pinholeo A more efficient method for measuring the MTF is to measure the edge-response function (ERF) and from the ERF calculate the MTF [9] o The ERF is simply the system response to an edge object, ioeo, an object with a sharp interface between two materials with different attenuation propertieso The width of the edge response can be easily related to the MTFo It has been shown [10] , that when measuring the MTF of a digital radiographic detector system, the alignment of the edge relative to the rows ( or colurnns) of the detector is important to making an accurate estimate of the MTFo Following the above mentioned papers, we oriented the edge at (approximately) 10 degrees relative to the rows ofthe CCD chip and averaged the edge response over several edge profiles to obtain the ERF 0
The ERF was measured by covering one half of the active area of the scintillator with a Oo05mm thick steel sheet and collecting a radiographo Figure 4 is a graph of the resulting MTFo Using 10% of the MTF as the cutoff, the systems radiographic spatial resolution can be estimated to be on the order of 20-23 lp/mmo The calculated spatial resolution was verified by radiographing a diverging linepair phantomo
The Nyquist cutoff frequency of the CCD chip is (2 x 9t-tmY 1 = 55 lp/mmo This represents the upper Iimit of the spatial resolution for the detector systemo The lens, mirror, and scintillator will all degrade this spatial resolutiono Figure 4 indicates that the system is about a factor of two below the Nyquist Iimit, and thus there is no loss of information in the radiographic data if the intensities of adjacent detector pixels are summed togethero (The process of combining adjacent detector pixels is called binningo) Binning detector pixels on the CCD chip will save readout time and data storage without affecting the radiographic resolutiono Figure 4 . The MTF of the detector system. Using the 10% point as the cutoff frequency, the radiographic reso1ution can be estimated to be 22 1p/mm.
System aljgnment
The radiographic magnification of the system at the axis of rotation was measured by imaging a 300J.tm diameterdrill bit at two 1ocations between the source and detector. Using the known distance between the measurement points and the relative widths of the images of the part, the source-to-axis-of-rotation distance and source-to-detector distance were calculated. The measured magnification at the axis ofrotation was 4.1. From these radiographs of the drill bit the coordinates of the projection of the axis of rotation into detector space were determined. Aceurate knowledge of these coordinates is essential for a good reconstruction.
Another image was collected by opening the shutter of the camera and integrating the detected flux as the drill bit was rotated through 360 degrees. Analysis of this image indicated a tilt of approximately 1 degree of the axis of rotation relative to the rows of the CCD camera and that there was no discernable precession of the axis of rotation. Unfortunate1y, these measurements could not determine whether or not the detector was perpendicular to the centerline of the cone of radiation, or if the axis of rotation was tilted toward or away from the detector plane.
Data collection and reconstruction
Using a magnification of 4.1, a detector size of 18J.trnlpixel (a 2x2 binning ofthe CCD pixels), and an object diameter of 3mm, equation 1 can be used to show that over 2100 angular samples are required to match the angular sampling to the projection bin sampling (.t.0 = atan(18J.tm/(4.1 x 1500J.tm))" 0.17 degrees). This many angular samples would require a prohibitive1y long data-collection time. Instead, only 360 projections were collected and these data were binned again to match the projection sampling to the angular sampling. A detector bin size of 107 J.tm/pixel matches an angular sampling of one degree.
Using equation 2, 15 J.tm as the spot size, and the optimal detector bin size from the previous paragraph, the best spatial resolution in the tomographs is amin ~ 30J.tm. Thus the smallest iron spheres in the object should be at about the resolution Iimit of the system. For the results below, an 8x8 binning was used with the realization that the angular sampling of the data cannot support this resolution.
Each
Using the FDK algorithm, the data was reconstructed into a 300 3 voxel volume. Each voxel was square with a side of 13,um. Four reconstructed slices from the volume are shown in figure 5 . Theseslicesare contiguous, and one can follow spheres that are !arger than a single slice from one slice to the next. Spheres that are on the order of only a pixel or two across can also be observed; these are probably iron spheres between 20 and 30,um in diameter (which are at or below the resolution Iimit of the system).
There are a few problems apparent in reconstructions of figure 5 . The most obvious problern isthat the meta! spheres at the periphery of the object space are not resolved --in fact those objects exhibit a distinct star-shaped artifact. To understand this phenomena, it is instructive to examine a portion of the projection data as a 2D sinogram. A single row from the same location in each 2D projection in the data set can be used to create a fanbeam sinogram. A sinogram from a row near the center row of the projection data is shown in figure 6 .
Two problems are evident in the sinogram: the data are undersampled and some of the iron spheres in the sinogram form incomplete curves. The undersampling is expected --this is a result of having a finer pixel spacing in the projections than the angular sampling at the edges of the object. (Undersampling is evident in the sinogram as dashed sinusoid curves from small objects at the periphery of the object; unfortunately, figure 6 is too small to observe this effect.) The incomplete curves are a result of incomplete angular sampling and may be due to a tilt of the axis of rotation relative to the detector.
If the axis of rotation was tilted parallel to the detector, then a row of the detector would "see" a plane in the object that was not perpendicular to the axis of rotation. The projection of a small iron sphere might intersect that row of the detector for apart of the rotation of the object, and then intersect rows above and below the row of interest for other portions of the rotation. The same effect would occur if the axis of rotation was tilted toward (or away from) the detector. The incomplete-sine-curve effect would be most noticeable for point attenuators away from the axis of rotation (at the periphery of the object).
A misalignment of the axis of rotation in a direction parallel to the detector is easily fixed by rotating each projection by the misalignment angle. Unfortunately, it is notassimple to fix a misalignment of the axis of rotation perpendicular to the detector. Since a rotation angle for the projections that made all of the sine curves complete could not be found, we are left with the assumption that there is a tilt toward or away from the axis of rotation. 
CONCLUSIONS AND FUTURE WORK
We built and characterized a conebeam microtomography system using a microfocus x-ray source and a fiberoptic scintillator lens-coupled to a cooled digital CCD camera. The radiographic resolution was on the order of 20-23 lp/mm and a reconstructed spatial resolution on the order of 30j.lm from a 360 projection data set was expected. The quality of the reconstructions was adversely affected by a misalignment of the imaging system.
The problern with the reconstruction can be considered to be an inaccurate characterization of the imaging system. The FDK algorithm assumes that the data is collected from a circular orbit of the source/detector, that some row of the detector lies in the plane of the circular orbit, that the detector is parallel to the axis of rotation, and that the detector is perpendicular to a line from the center of the source through the axis of rotation. If these conditions are not met, the FDK algorithm must be modified to reflect the actual measurement system. We must know the exact alignment of the system in order to accurately model it in the reconstruction routine.
Certainly the easiest way to guarantee that the FDK algorithm is adequate is to assure that the system is perfectly aligned. The precision of the alignment of the axis of rotation, for example, may have to be within a few milliradians. An alternatative to exhaustive system alignment is to measure the system misalignment, i.e., characterize the system completely, and incorporate the real system parameters in the reconstruction routine. This measurement could be done with a phantom object consisting of a single, small, highly attenuating object --an object similar to our test object with only a single iron sphere. Or the existing object could be imaged and the trajectory of a single sphere could be tracked through a 360 degree rotation. This alignment information could then be incorporated the reconstruction routine. This is not a tivial image-processing task, but may be more efficient than precise system alignment.
